The cuticular waxes sealing plant surfaces against excessive water loss are complex mixtures of very-long-chain aliphatics, with compositions that vary widely between plant species. To help fill the gap in our knowledge about waxes of non-flowering plant taxa, and thus about the cuticle of ancestral land plants, this study provides comprehensive analyses of waxes on temperate fern species from five different families.
INTRODUCTION
Plant colonization of terrestrial habitats relied heavily on the evolution of lipid coatings that seal organ surfaces against excessive water loss (Yeats and Rose, 2013) . The resulting extracellular structure covering the epidermal cells of all land plants, called the plant cuticle, consists of the insoluble fatty acid polyester cutin and of waxes embedded in and deposited on top of the cutin framework (Jeffree, 2006) . The waxes help protect plants against UV radiation (Gordon et al., 1998) , insects and pathogens (Uppalapati et al., 2012) , and their primary function is to seal the vast surfaces of above-ground organs against water loss (Schönherr, 1976) . Even though the cuticles of diverse plant species serve the same principal functions, they can have greatly varying transpiration barrier qualities and impose resistances on water vapour diffusion that differ by up to two orders of magnitude (Schreiber and Riederer, 1996) .
It is important to understand the differences in ecophysiological performance between different plant species and stress adaptation strategies based on corresponding differences in the amounts and compositions of respective wax mixtures. Even though the wax mixtures of most species comprise the same classes of compounds, they vary greatly in terms of total wax amounts per surface area (wax coverage) and the exact amounts of individual compounds (wax composition) (Jetter et al., 2006; Busta et al., 2017) . Hence, a major goal is to establish structure-function relationships linking biological properties to various chemical constituents of cuticular waxes. Two prerequisites for the successful realization of this long-term goal are a working knowledge of (1) the diversity of plant waxes across the plant kingdom and (2) the mechanisms by which wax constituents are biosynthesized.
Over decades, studies on diverse gymnosperms and angiosperms have shown that their leaves are all covered by wax mixtures comprising similar classes of lipids. In many species, cyclic compounds such as triterpenoids were found, often accumulating to fairly low percentages of the surface wax. The most abundant and widespread wax compounds have linear, saturated hydrocarbon chains with either an oxygen-containing functional group on one end (fatty acids, aldehydes and alcohols) or no functional group at all (alkanes) (Jetter et al., 2006) . Multiple chain lengths of each of these compound classes are present, such that wax compositions are typically mixtures of multiple homologous series whose constituents range in length from C 20 to almost C 40 . In addition to these monomeric chemicals, cuticular waxes may also include dimers of wax alcohols and fatty acids joined into alkyl esters, which can range in chain length from C 36 to C 60 . In a few cases, more detailed mass spectrometric analyses have revealed that each ester homologue consists of various isomers resulting from different combinations of acids and alcohols with varying chain lengths (Gülz et al., 1993; Sümmchen et al., 1995) . Based on such approaches, it seems that gymnosperm and angiosperm wax esters are typically composed of both long-chain (C 16 and C 18 ) and very-longchain (VLC; C 20 -C 38 ) primary alcohols and fatty acids.
The amounts and compositions of wax mixtures of the few plant species tested so far were fairly constant throughout organ development and further into maturity, with a few notable exceptions where either additional compounds appeared (Jetter and Schäffer, 2001) or chain length profiles shifted (Busta et al., 2017) . There is also circumstantial evidence that wax mixtures may be regenerated after disturbance on mature tissues (Neinhuis et al., 2001) , and many recent reports show that wax amounts and/or compositions may change in response to physiological stress either during or after organ growth (Bi et al., 2017; Kim et al., 2017) .
The mechanisms leading to the accumulation of the ubiquitous wax constituents on gymnosperm and angiosperm surfaces are fairly well understood, in particular for the model species Arabidopsis thaliana (Samuels et al., 2008) . There, wax biosynthesis begins with the elongation of long-chain fatty acyl precursors by fatty acyl elongase (FAE) complexes to VLC fatty acyl-CoAs. FAEs catalyse cycles of four enzymatic reactions that, together, extend an aliphatic chain by two carbons, and repeated elongation rounds generate higher homologues of acyl-CoAs with even total carbon numbers (TCNs). Several different FAE complexes are likely to be involved in the different rounds, each with substrate and product specificities mostly imposed by the enzyme catalysing the first step of the cycle, a ketoacyl-CoA synthase (KCS) (Millar and Kunst, 1997; Joubès et al., 2008) . It has recently been shown that further proteins, CER2-LIKE members of the BAHD family of proteins, can confer further chain length specificity to the FAE complex (Haslam et al., 2012; Pascal et al., 2013) . The resulting acylCoA products are then converted into various derivatives with characteristic chain length profiles, involving (1) hydrolysis to fatty acids (no enzyme characterized); (2) reduction to primary alcohols (by a fatty acyl-CoA reductase, FAR) and their esterification with acids (by a wax ester synthase, WS or WSD); or (3) reduction to aldehydes (by the reductase CER3 in arabidopsis) and decarbonylation (by the decarbonylase CER1 in arabidopsis) to alkanes with one carbon less (Samuels et al., 2008) . Wax biosynthesis is accomplished exclusively within the endoplasmic reticulum of epidermal cells, and from there wax compounds are exported to the plant surface via ATP-binding cassette (ABC) transporters and glycosylphosphatidylinositol (GPI)-anchored lipid transfer proteins (LTPs) (Samuels et al., 2008) .
Compounds with in-chain functional groups (secondary alcohols, ketones, alkanediols, ketols and β-diketones) and branched hydrocarbon skeletons have also been identified in many plant species. In some cases, these specialty compounds constitute the majority of a species' cuticular wax, as do 16-hentriacontanone on Annona, Aristolochia and Allium species (Maier and Post-Beittenmiller, 1998; Meusel et al., 1999; Shanker et al., 2007) , 10-nonacosanol on diverse gymnosperms and angiosperms (Jetter and Riederer, 1996; Nikolic et al., 2013) , and β-diketones on many Poaceae (Tulloch et al., 1980; Racovita et al., 2016) . However, our understanding of wax diversity and biosynthesis in those taxa other than arabidopsis is relatively limited. For example, β-diketones (not observed in arabidopsis) have long been recognized as polyketides, and it is well established that they are formed on dedicated pathways involving polyketide synthase(s) (von Wettstein-Knowles, 1993) . Since then, these pathways have not been elucidated in detail, and the first genes involved in the process were only recently identified and partially characterized in barley and wheat Schneider et al., 2016) . Even less is known about the biosynthesis of the other specialty wax compounds with inchain functional groups.
So far, the cuticles of only a few seedless plants have been studied. For example, the cuticular waxes of the moss Funaria hygrometrica contain mainly alkyl esters together with diol esters and β-hydroxy-fatty acid alkyl esters (Busta et al., 2016) , while Polytrichales mosses have waxes comprising relatively large amounts of secondary alcohols (Neinhuis and Jetter, 1995) . Thus, these few studies indicate that there is substantial unexplored wax diversity outside of the frequently studied seed plant taxa. However, it is still difficult to envisage cuticle evolution during the colonization of land, in part because relatively little is known about the composition of the water barrierforming waxes in plant taxa other than the gymnosperms and angiosperms.
Ferns are also of special interest, as an early-diverging lineage of seedless plants that possess internal water transport and, therefore, require mechanisms restricting water evaporation from above-ground organs. However, despite the widespread occurrence and phylogenetic diversity of extant ferns, little is known about their cuticular waxes. An early survey of 21 fern species belonging to 13 families identified n-alkanes and the triterpene fernene (Bottari et al., 1972) , and fernene was also reported for the waxes of Polypodium glaucinum and Plagiogyra formosana (Wollenweber et al., 1981) . The frond waxes of silver fern (Cyathea dealbata) and bracken fern (Pteridium aquilinum) bear wax esters (Franich et al., 1985a; Baker and Gaskin, 1987) , while 10-nonacosanone predominates on surfaces of royal fern (Osmunda regalis) (Jetter and Riederer, 1999) . These reports, especially in combination with observations that ferns have relatively recently undergone substantial diversification (Schneider et al., 2004) , indicate that ferns probably have diverse cuticular wax chemistry and wax biosynthetic strategies that have yet to be explored.
To fill the gap in our understanding of early-diverging land plant cuticle chemistry, the current study aims to provide comprehensive wax analyses of diverse fern species.
We selected five species of polypod ferns native to British Columbia, Canada, belonging to five major families of extant temperate ferns with drastically differing life history strategies: Pteridium aquilinum (Bracken fern; Dennstaedtiaceae) is a deciduous species growing in sunny habitats such as open forests or grasslands (Nishida and Hanba, 2017) , Cryptogramma crispa (Parsley fern; Pteridaceae) is a deciduous species found in alpine rock crevices, Polypodium glycyrrhiza (Licorice fern; Polypodiaceae) is a summerdeciduous fern prevailing in areas with cool and moist summers and warm and wet winters, Polystichum munitum (Sword fern; Dryopteridaceae) is an evergreen growing in the understorey of moist coniferous forests at low elevations, and Gymnocarpium dryopteris (Oak fern; Cystopteridaceae) is a deciduous species widely distributed across North America and Eurasia from mesic to wet sites in mixed conifer and hardwood stands. Here, we aimed to identify and quantify compound classes, homologues and isomers in the wax mixtures of these fern species, to enable comparisons between the fern waxes with previous reports on gymnosperm and angiosperm waxes and future investigations into the wax biosynthesis machineries in ferns.
MATERIALS AND METHODS

Plant material and wax sampling
Fronds of Pteridium aquilinum, Cryptogramma crispa, Polypodium glycyrrhiza, Polystichum munitum and Gymnocarpium dryopteris were collected from wild specimens growing outdoors in Vancouver, British Columbia. For C. crispa, the tips of ten fronds comprising rachis and 4-10 leaflets were randomly selected and harvested for each independent sample. Similarly, 20-30 leaflets from 4-5 Pteridium aquilinum fronds, 15 leaflets from one Polystichum munitum frond, 36 leaflets from one Polypodium glycyrrhiza frond and 16 leaflets from three G. dryopteris fronds were used per sample (all without rachis). A photograph was taken of all the material used for each sample alongside a ruler, and surface areas were determined by pixel counting with Image J software. The average areas of frond materials used per parallel for each species were 19.0 ± 2.7, 68.9 ± 7.3, 101.5 ± 6.8, 105.2 ± 21.2 and 70.8 ± 7.7 cm 2 for G. dryopteris, C. crispa, Pteridium aquilinum, Polystichum munitum and Polypodium glycyrrhiza, respectively (n = 5 independent parallels, ± s.e.).
For wax extraction, samples were immersed twice for 30 s in chloroform. The two wax solutions were combined and spiked with a known amount of n-tetracosane internal standard, and then filtered through glass wool. Next, the solvent was removed under nitrogen gas, and the wax mixture reacted with BSTFA (20 μL) and pyridine (20 μL) at 70 °C for 45 min. After derivatization, excess reagents were evaporated under N 2 , and chloroform (50 μL) was added. For each fern species, five independent samples were extracted.
Wax analysis
Wax compounds were identified with gas chromatographymass spectrometry (GC-MS). Samples were injected with a cool on-column injector at 54 °C into a flow of helium gas (1.4 mL min -1 ). Wax compounds were separated with a HP1 capillary GC column in an Agilent 6890N gas chromatograph (Agilent, Avondale, PA, USA), with the oven programmed to hold at 50 °C for the first 2 min, then to increase by 40 °C min -1 to 200 °C and hold for 2 min, to increase again at 3 °C min -1 until 320 °C and then to hold for 30 min. The MS detector (5973N, Agilent) employed electron impact ionization (70 eV), a quadrupole mass analyser and electron multiplier detection. Chemical structures were assigned to GC peaks according to their MS fragmentation characteristics in comparison with spectra of authentic standards or MS spectral data from the NIST 2002 library.
Wax compounds were quantified using GC-FID employing the same gas chromatography system described above for GC-MS, except that hydrogen gas (2 mL min -1 ) was used as the mobile phase. Eluting compounds were detected by a flame ionization detector (FID) set at 250 °C. Total wax amounts were determined by comparing the sum areas of GC-FID peaks against the area of the internal standard peak. Each wax compound was quantified by peak area integration with respect to the known amount of tetracosane internal standard. Compound quantities were calculated as averages of the five independent samples for each species ± standard errors.
Under the GC conditions used here, ester homologues,but not ester isomers, could be separated. Therefore, the distributions of fatty acids and alcohols within each ester homologue could not be determined by GC-FID, and instead all samples were re-analysed with GC-MS. Different ester isomers within each ester homologue yielded different protonated acid ions, RCOOH 2 + , indicative of acyl moiety chain lengths, and quantities of these characteristic fragments were used to determine the percentage of each isomer within each homologue. Multiplication of isomer percentages within each homologue by the homologue abundances and addition across all homologues led to overall chain length profiles of esterified acids and alcohols.
RESULTS
This study aimed to identify and quantify the components of cuticular wax mixtures on diverse fern species. Accordingly, waxes were extracted from fronds with chloroform, spiked with an internal standard, TMS-derivatized and analysed with GC-MS and GC-FID. The resulting chromatographic data were used to determine total wax coverages and relative amounts of compound classes within each mixture, as well as the homologue and isomer distributions within compound classes.
Wax coverage and compound class composition
Wax coverages on fronds of the five fern species varied from 3.9 μg cm -2 on P. glycyrrhiza to 6.8 μg cm -2 on C. crispa, 7.7 μg cm -2 on P. munitum, 9.6 μg cm -2 on P. aquilinum and 16.9 μg cm -2 on G. dryopteris ( Fig. 1 ). In the wax mixtures of all five species, alkyl esters were the most abundant compound class, comprising between 60 and 95 % of the total wax (Fig. 2) . On C. crispa, P. glycyrrhiza and P. munitum, alkanes accumulated to 8-13 % of the total wax, while G. dryopteris wax contained approx. 30 and 5 % of ketones and secondary alcohols, respectively. Several other wax compound classes were identified in small amounts (e.g. <2 %), including primary alcohols on all five species, fatty acids on P. glycyrrhiza and P. munitum, and aldehydes on P. glycyrrhiza, P. aquilinum and G. dryopteris. Fernene was found in the waxes of P. glycyrrhiza and P. aquilinum, and trace amounts of β-sitosterol on P.aquilinum. Relatively small portions of the wax mixtures remained unidentified, ranging from 1 % for G. dryopteris wax to 21 % for P. glycyrrhiza. In summary, the wax mixtures of all five fern species had high amounts of alkyl esters, but were differentiated by the relative amounts of other components.
Homologue distributions of fatty acids, alcohols, aldehydes and alkanes
The free fatty acids, primary alcohols, aldehydes and alkanes were present as homologous series with characteristic chain distributions on one or more fern species. Homologues with even TCNs predominated among the fatty acids, primary alcohols and aldehydes. Fatty acids were only observed in the waxes of P. glycyrrhiza and P. munitum, with chain lengths ranging from C 20 to C 28 and C 20 to C 30 , respectively, and C 28 fatty acid predominating in both species (Fig. 3) . The primary alcohols ranged from C 20 to C 28 or C 30 , depending on the species, peaking at C 22 in P. aquilinum and C. crispa, and at C 28 in P. glycyrrhiza, P. munitum and G. dryopteris. Pteridium aquilinum bore solely C 26 aldehyde, P. glycyrrhiza equal amounts of C 28 and C 30 , and G. dryopteris C 26 and (mostly) C 28 .
Alkanes were present as unbranched homologues with mainly odd TCNs, ranging from C 25 to C 35 . Small amounts of alkanes with even TCNs were detected on all species except P. aquilinum. Alkane chain lengths culminated at C 33 and C 35 in P. munitum (47 and 32 %, respectively) and C. crispa (65 and 15 %), C 33 and C 31 in P. glycyrrhiza (69 and 21 %), C 27 and C 29 in P. aquilinum (43 and 37 %), and C 27 and C 25 in G. dryopteris (49 and 24 %). Thus, the predominant chain lengths of alkanes were longer than those of fatty acids, primary alcohols and aldehydes in most fern species.
Homologue and isomer distributions of secondary alcohols and ketones
The secondary alcohols and ketones on G. dryopteris were present as a homologous series (Supplementary Data Fig. S1A) , with each homologue comprising multiple isomers. The homologues could be resolved by GC and therefore quantified by FID, revealing that the secondary alcohols had odd TCNs ranging from C 27 to C 35 and peaking at C 31 (Fig. 4) . The location of the secondary oxygen functional group was determined using diagnostic α-fragments in the mass spectrum of each homologue (Supplementary Data Fig. S1B, C) , and respective fragment abundances showed that the C 27 , C 29 and C 31 secondary alcohols had functional groups predominantly on C-12, with minor amounts of isomers carrying functional groups on C-14 or C-10. In contrast, the C 33 and C 35 secondary alcohols had functional groups predominantly on C-14, with minor amounts of the C-16 isomer in the C 35 homologue.
The G. dryopteris wax ketones had odd TCNs ranging from C 27 to C 33 (Supplementary Data Fig. S2A ), with C 31 being the most abundant (Fig. 4) . Functional group positions were again determined using diagnostic MS fragments (Supplementary Data Fig. S2B, C) , revealing that the C 27 , C 29 and C 31 ketones had carbonyl groups predominantly on C-12, accompanied by minor amounts of C-14 and C-10 isomers, and the C-14 isomer comprised the majority of the C 33 homologue (Fig. 4) .
Homologue and isomer distributions of alkyl esters
Alkyl esters are dimeric wax compounds formed from longchain or VLC alcohol and acid moieties, and thus have much larger TCNs. On all species tested here, ester chain lengths ranged from C 38 or C 40 to C 52 or C 54 (Fig. 5) . On P. aquilinum and C. crispa, ester homologue distributions peaked at C 44 , while P. glycyrrhiza and P. munitum wax ester chain lengths culminated at C 48 and G. dryopteris had mainly C 40 ester. Esters with even TCNs were much more abundant than those with odd TCNs, with even-over-odd ratios of 3.5, 13.9, 3.0 and 42.5 for C. crispa, P. glycyrrhiza, P. munitum and G. dryopetris, respectively (no esters with odd TCNs were detected on P. aquilinum).
Each alkyl ester homologue may be composed of several metamers, a special type of isomer resulting from different combinations of alcohol and acid homologues with the same overall ester chain length. Accordingly, we next aimed to identify and quantify the acid and alcohol moieties within each ester homologue. Alkyl esters exhibit prominent MS fragments diagnostic of the fatty acid moieties within the ester, and thus respective acylium ions can be used to identify and quantify the metamers within each ester homologue. In all five fern species, even-numbered acid moieties dominated both the even-numbered and the odd-numbered ester homologues (Fig. 6) . The even-numbered ester homologues were thus mainly due to combinations of two even-numbered moieties, and the oddnumbered ester homologues were due to combinations of oddnumbered alcohols with even-numbered esters (but not vice versa).
On fronds of P. aquilinum, the ester homologue C 36 was dominated by C 12 acid, homologues C 38 and C 40 by C 16 acid, homologues C 42 -C 46 by C 20 acid and homologues C 48 and higher by C 24 acid (Fig. 6A) . The alkyl esters of C. crispa had fairly similar metamer distributions, also dictated by acids differing by four carbons, except that homologues C 50 , C 52 and C 54 were dominated by C 22 , C 24 and C 26 acids, respectively (Fig. 6B) . In contrast, P. glycyrrhiza had C 18 acid mainly incorporated into the C 36 and C 40/42 esters, and, accordingly, C 20 acid into the C 38 and C 42/44 esters, C 22 acid into the C 40 and C 44/46 esters and C 24 acid into the C 42 and C 46-50 esters (Fig. 6C) . Similarly, G. dryopteris esters also had bimodal acid distributions (C 16 acid dominating in C 36 and C 44 esters, C 18 acid in C 38/40 and C 46 esters, and C 20 acid in C 42 and C 48 esters), along with C 22 acid in C 50 ester and C 24 acid in higher homologues (Fig. 6E ). Finally, P. munitum had various ester homologues dominated by incrementally increasing acid chain lengths (C 38 ester by C 16 acid, C 40/42 esters by C 18 acid, C 44-48 esters by C 20 acid and C 50/52 esters by C 24 acid; Fig. 6D ). The odd-numbered ester homologues had acid moiety distributions similar to those of the even-numbered esters ( Fig. 6F-I; Supplementary Data Fig. S3 ). Based on the differences between ester TCNs and esterified acid TCNs, the relative abundances of alcohol homologues in each ester were calculated. Accordingly, ester homologues with even TCNs contained primarily even-numbered alcohols (Supplementary Data Fig. S4 ), and esters with odd TCNs had odd-numbered alcohols (Supplementary Data Fig. S5) .
Finally, the relative abundances of fatty acid homologues across all ester chain lengths were summed to determine the overall homologue distribution of esterified acids. Esters from all five fern species comprised mainly acid moieties with chain lengths ranging from C 14 to C 28 (Fig. 7) . Pteridium aquilinum and C. crispa had relatively broad, roughly bell-shaped distributions of esterified acids peaking around C 20 and C 22 , while P. glycyrrhiza and P. munitum esters had bimodal distributions centred at C 16 and C 20 acids, and G. dryopteris had a broad array of esterified acids around C 18 acid (Fig. 7) . Conversely, all five species had distinct chain length patterns of esterified alcohols, centred around C 22 in P. aquilinum and G. dryopteris, C 22 and C 24 in P. glycyrrhiza, C 22 , C 24 and C 26 in Polystichum munitum and C 28 in C. crispa (Fig. 8) .
DISCUSSION
This study details wax coverages and compositions on fronds of five diverse fern species. All the investigated fern wax mixtures were characterized by high concentrations of alkyl esters, and most of them contained compound classes derived from the alcohol-and alkane-forming wax biosynthesis pathways. The five fern species were distinguished from one another by qualitative wax traits, with distinct combinations of wax compound classes present on each. For example, two of the investigated fern species accumulated fernene in their frond waxes, while this triterpene could not be detected in the other three species. The five fern species were further differentiated by quantitative traits, including their total wax coverages and the chain length distributions within wax compound classes. These findings can now be compared with wax compositions of non-vascular and seed plants in the context of the biosynthesis pathways effecting the elongation of acyl chains, and the formation of alcohols and alkyl esters, alkanes and secondary alcohols and ketones.
Elongation profiles
All five fern species bore some compounds derived from acyl precursors with ≥30 carbons. This indicates that ferns must have molecular machinery capable of elongating acyl-CoA precursors to chain lengths similar to those in seed plants, implying that elongation beyond C 26 in the ferns probably involves FAE complexes containing KCS enzymes, and probably an AtKCS6 orthologue (Joubès et al., 2008) . It will be interesting to study whether such elongation also requires CER2-LIKE enzymes analogous to those recently characterized for flowering plants such as Arabidopsis thaliana and Oryza sativa (Haslam et al., 2015; Wang et al., 2017) .
The predominant chain lengths within each compound class differed among fern species. For example, the alcohol fractions were dominated by the C 22 homologue on P. aquilinum and C. crispa, and by C 28 on the other three species, while the alkane profiles peaked at C 27 on P. aquilinum and G. dryopteris, and at C 33 on the other three species. This degree of variation between fern species of different families is considerable, comparable with the chain length diversities typically observed between angiosperm families (when comparing waxes on the same organs). For example, the wax alcohol fractions of monocot or dicot families tend to be dominated by homologues varying from C 26 to C 32 , and corresponding alkane mixtures by homologues in the range C 29 -C 33 (Jetter et al., 2006) . There is substantial evidence that the chain length variation among seed plants is dictated by substrate and product specificities of the KCS(s) (Millar et al. 1999 ) and/or CER2-LIKE gene(s) in each species (Haslam et al., 2015) , or else these enzymes may be differentially expressed, as has been recorded for arabidopsis organs (Joubès et al., 2008) . It therefore seems plausible that the characteristic homologue profiles of the different fern species may also be determined by KCSs and possible orthologues of the AtCER2-LIKEs. Overall, the drastic differences between chain length profiles in the waxes of the ferns investigated here make them good targets for studies testing the biochemical characteristics of these enzymes.
Acyl reduction pathway
Alkyl esters were the most abundant compound class in the wax mixtures from all fern species investigated here. Other species from diverse lineages have been reported to have abundant alkyl esters as well, including the moss Funaria hygrometrica (Busta et al., 2016) , the fronds of the tree fern Cyathea dealbata (Franich et al., 1985a) and two subspecies of P. aquilinum (Baker and Gaskin, 1987) , the internodes and leaf sheaths of the horsetail Equisetum telmateia (Brune and Haas, 2011) , leaves of the oak tree Quercus ilex (Martins et al., 1999) , leaves of the oil seed crop Camelina sativa (Razeq et al., 2014) and leaves of the palm Copernicia cerifera (Lawrence et al., 1982) . However, some ferns and fern allies have relatively low amounts of wax esters, including the fronds of Osmunda regalis (Jetter and Riederer, 2000) and several organs of various Equisetum species (Brune and Haas, 2011) . Overall, these observations show that alkyl ester amounts vary in particularly wide ranges within and between plant taxa, from the species to the division level, and the fern wax esters are, therefore, of prime interest for future studies of biosynthesis and biological function.
In species with characterized wax biosynthesis pathways, alkyl esters are the final products of the two-step acyl reduction pathway, which first generates primary alcohols and then esterifies them with fatty acid moieties to produce alkyl esters. In this context, it is interesting to note that the fern species analysed here had high amounts of esters accompanied by relatively low amounts of primary alcohols, the acyl reduction pathway intermediates. This is in contrast to many other species, where high concentrations of primary alcohols are found together with relatively low amounts of alkyl esters, including, for example, Poa alpina and P. trivialis (Pilon et al., 1999) , Medicago sativa (Zhang et al., 2005) and Solanum tuberosum (Szafranek and Synak, 2006) . We conclude that the majority of the VLC alcohols formed by the acyl reduction pathways active in the ferns analysed here are utilized for ester synthesis, and that, therefore, the ester-forming enzymes in these species are expressed at high levels and/or are highly active. This finding has biotechnological relevance, as the fine-tuning of wax ester synthases is one important aspect of biodiesel production .
Our detailed analysis of the homologue and isomer compositions revealed that the wax ester mixture of each fern species could be described as sets of preferred combinations of fatty acids and alcohols. While some of the predominant ester isomers showed common alcohol chain lengths, others shared the same predominant fatty acid homologues instead, pointing to preferences of the ester-forming enzymes for certain alcohol or acid substrate chain lengths, respectively. Based on these findings, we hypothesize that each fern species has several ester synthase enzymes with different substrate specificities. Furthermore, the ester metamer profiles also differed between the ferns studied here, suggesting further differences in substrate specificities of the ester-forming enzymes between species. However, based on the chemical profiles alone, it cannot be ruled out that the species-specific metamer compositions are, at least in part, due to differential expression within sets of similar enzymes in the different fern species. Interestingly, the detailed metamer analyses of wax esters from the moss F. hygrometrica (Busta et al., 2016) , the gymnosperm Pinus radiata (Franich et al., 1985b) , the dicot Solanum tuberosum replicates, respectively. (Guo and Jetter, 2017) and the monocot Phyllostachys aurea revealed similar patterns that also suggested the presence of multiple wax ester synthase genes in that species. If true, this might imply that the fine-tuning of wax ester composition via control of wax ester synthase isoforms is a strategy employed by diverse moss, fern and gymnosperm and angiosperm species. Esters with odd TCNs were found in minor quantities in most of the fern species. These odd-numbered esters contained mainly alcohol moieties with odd TCNs, as opposed to acids with odd TCNs. A similar bias was also observed in ester profiles of Picea abies (Sümmchen et al., 1995) , and in Pinus radiata (Franich et al., 1985b) . Our GC-MS analyses did detect trace amounts of odd alcohols, however, in concentrations too low for accurate quantification. In contrast, we could not detect free fatty acids with odd TCNs, suggesting that the observed predominance of esterified odd alcohols over esterified odd acids might merely reflect substrate pools.
Alkane pathway
In the waxes of all the ferns investigated here, alkanes were present at least in trace amounts, suggesting that each species possesses alkane pathway genes. Thus, these ferns all contained the full complement of chain length elongation and head group modification enzymes previously characterized in seed plants. However, the flux of wax precursors into the alcohol-and alkane-forming pathways is tightly controlled in all five fern species, probably through differential gene expression but possibly also through differences in enzyme activities.
Interestingly, the alkane chain length distributions varied greatly among fern species, suggesting either that fern CER1/ CER3 orthologues may vary in their substrate chain length preferences, or that they have access to substrate pools with different chain length compositions. It should be noted that the predominant alkane chain lengths in most of the fern species were longer than in co-occurring fatty acids, primary alcohols and aldehydes. Thus, it seems probable that these alkanes are formed by enzymes with chain length specificities differing from those of the respective alcohol-forming pathway machinery, and/or that the alkane-forming enzymes are associated with FAE(s) different from the acyl reduction pathway.
Secondary alcohol and ketone pathway
In the wax mixture from G. dryopteris, several secondary alcohols and ketones were detected, with the respective C 29 homologues predominating and functional groups exclusively on even-numbered (and thus alternating) carbons: C-10, C-12, C-14 and C-16. The chain length distributions of these compounds differed markedly from those of the accompanying primary alcohols, aldehydes and alkanes, which all had chain length profiles similar to each other. This suggests that the biosynthesis of G. dryopteris secondary alcohols and ketones diverges in a fairly early step from the pathways leading to the other wax compounds.
The biosynthesis of secondary alcohols and ketones on arabidopsis stems is well characterized; however, the structures of the G. dryopteris secondary alcohols and ketones also differ drastically from these. Arabidopsis secondary alcohols and ketones have functional groups located on even-and odd-numbered carbons, C-13, C-14 and C-15 (Wen and Jetter, 2009 ). In arabidopsis, this isomer distribution results from hydroxylation of the corresponding C 29 alkane by the P450-dependent hydroxylase enzyme MAH1 (Greer et al., 2007) , and secondary alcohol or ketone isomer mixtures with functional groups on adjacent carbons of the hydrocarbon backbone are thus a hallmark of the limited product specificity of the arabidopsis hydroxylase. Conversely, the very different isomer distribution of the fern secondary alcohols and ketones therefore makes it very unlikely that they are formed by hydroxylation of alkanes catalysed by a MAH1-like enzyme.
Other wax compounds with secondary functional groups also have the characteristic pattern exhibited by the G. dryopteris secondary alcohols and ketones (i.e. functional groups on alternating carbons). Chief among these are the β-diketones found widely in the Poaceae, and 10-nonacosanol occurring on the royal fern, Osmunda regalis (Jetter and Riederer, 2000) , mosses (Neinhuis and Jetter, 1995) , gymnosperms (Franich et al., 1978; Günthardt-Goerg, 1986 ) and some early-diverging angiosperms (Holloway et al., 1976; Jetter and Riederer, 1996) . These compounds are thought to be generated using elongation intermediates as substrates, followed by elongation and head group modification along the alkane-forming pathway (von Wettstein-Knowles, 1993; Hen-Avivi et al., 2016) . Based on the shared similar isomer patterns between these compounds and the G. dryopteris secondary alcohols and ketones described here, it seems plausible that the latter fern compounds are biosynthesized by a mechanism similar to β-diketones and/or 10-nonacosanol. Our current findings thus imply that pathways leading from elongation intermediates to secondary alcohols and ketones are likely to be employed by species from fairly diverse moss, fern, gymnosperm and angiosperm taxa.
Conclusions
In summary, the wax mixtures covering the five fern species investigated here had compositions similar to those of seed plants. The fern wax coverages ranged from 4 to 17 μg cm -2 and thus span a range similar to those of gymnosperm and angiosperm species. All the fern waxes were dominated by alkyl esters, accompanied by varying amounts of fatty acids, aldehydes, primary alcohols and alkanes, suggesting that they all had the full set of wax biosynthesis enzymes previously characterized in arabidopsis. The presence of several wax ester synthase enzymes in each of the fern species can be inferred from the ester metamer profiles, with significantly different substrate specificities between species. Most interestingly, secondary alcohol and ketones were found in the wax from G. dryopteris, with isomer distributions suggesting that the in-chain functionalities are introduced as a by-product of elongation. This characteristic feature thus distinguishes the fern wax biosynthesis machinery from that in A. thaliana (with its P450 enzyme MAH1). Most interestingly, both the absolute amounts and the relative compositions of the wax mixtures in all the fern species investigated here resembled those of vascular plants.
Our survey of diverse fern species belonging to major extant families showed that all their cuticular wax mixtures comprised FAE elongation products with head groups modified by both the alkane-and alcohol-forming pathways. We conclude that all these ferns probably harbour the full complement of wax biosynthesis enzymes and genes known from higher plants, which is thus probably a basal trait shared by all ferns and seed plants. This suggests that the cuticle of ancestral vascular plants already had the potential to contain all the wax compound classes and chain lengths found in extant lineages, with further evolutionary adaptations restricted to specific compound class and chain length profiles.
It is interesting to note that, despite their very different life history strategies, all the fern species investigated here shared certain wax chemical characteristics, including the overall amounts of waxes and the high concentration of alkyl esters. For example, it had been reported that one of the ferns investigated here, Polystichum munitum, may use foliar water uptake to relieve local water stress, and it had been speculated that water may be transported across the leaf cuticle in the process (Limm et al., 2009) . Our chemical analyses indicate that the cuticular wax of P. munitum is very similar to those of other ferns and seed plants, suggesting that such foliar water uptake may not be enabled by special chemical characteristics of the cuticle, but may instead be facilitated by some other aspect of the cuticle, such as a unique arrangement of wax chemicals that create special physical structures on the surface.
All together, the wax compositions of the five investigated fern species reflect a common set of underlying biosynthetic machinery and regulation rather than fine-tuned adaptation to certain growth conditions, including abiotic parameters and biotic stress caused by pathogens or insects. Based on the large diversity present among extant ferns, however, further wax analyses of more species are needed to corroborate these conclusions further.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Figure S1 : identification of secondary alcohols in G. dryopteris wax. Figure S2: identification of ketones in G. dryopteris wax. Figure S3 : distribution of odd-numbered fatty acids within the alkyl ester homologues in the cuticular wax mixtures on the fronds of five fern species. Figure S4 : distribution of even-numbered alcohols within the alkyl ester homologues in the cuticular wax mixtures on the fronds of five fern species. Figure S5 : distribution of odd-numbered alcohols within the alkyl ester homologues in the cuticular wax mixtures on the fronds of five fern species.
